22 Light hyperpolarizes cone photoreceptors, causing synaptic voltage-gated Ca 2+ channels 23 to open infrequently. To understand neurotransmission under these conditions, we determined 24 the number of L-type Ca 2+ channel openings necessary for vesicle fusion at the cone ribbon 25 synapse. Ca 2+ currents (I Ca ) were activated in voltage-clamped cones and excitatory post-synaptic 26 currents (EPSCs) were recorded from horizontal cells in the salamander retina slice preparation.
27
Ca 2+ channel number and single channel current amplitude were calculated by mean-variance 28 analysis of I Ca . Two different comparisons--one comparing average numbers of release events to 29 average I Ca amplitude and the other involving deconvolution of both EPSCs and simultaneously 30 recorded cone I Ca --suggested that fewer than 3 Ca 2+ channel openings accompanied fusion of 31 each vesicle at the peak of release during the first few ms of stimulation. Opening fewer Ca 2+ 32 channels did not enhance fusion efficiency, suggesting that few unnecessary channel openings 33 occurred during strong depolarization. We simulated release at the cone synapse using ). Under these conditions, the rate of release is limited by the rate of vesicle replenishment 87 and not by the rate of Ca 2+ -dependent fusion. However, because vesicle replenishment itself is 88 p. 5 accelerated by raising Ca 2+ , fluctuations in intracellular Ca 2+ levels can still exert control over the 89 release rate in darkness (Babai et al., 2010) . The protein that speeds replenishment is unknown, 90 but Ca 2+ -sensitive sites of replenishment are located >200 nm from the base of the ribbon, too far 91 to sense the "plume" of Ca 2+ entering through an individual Ca 2+ channel (Babai et al., 2010 
227
The diffusion coefficient for Ca 2+ was 220 μm 2 /s and diffusion coefficient for Ca 2+ buffers was 228 20 μm 2 /s. Each simulation was repeated for 1000 trials.
229
Unless otherwise stated, chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
230
The criterion for statistical significance was chosen to be p < 0.05 and evaluated using GraphPad at strongly hyperpolarized potentials during the voltage ramp, but efficiency typically rose 319 steadily with increasing membrane depolarization during the ramp (Fig. 3) . The peak efficiency 320 was attained when the cone membrane potential was between -30 to -40 mV (uncorrected for 321 LJP), well below the peak of I Ca . We examined the possibility that activation of I Ca with a strong test step may have stimulated 327 unnecessary and redundant Ca 2+ channel openings. We therefore compared the number of Ca 2+ 328 channel openings and vesicle release events during sub-maximal activation of I Ca using 329 depolarizing steps to -30 mV rather than -10 mV. We scaled for the number of ribbon contacts 330 using the size of the EPSC evoked by steps to -10 mV. To account for the change in driving 331 force with steps to -30 mV, we used the single channel current amplitude of 0.37 pA for 332 deconvolution of I Ca . In the example shown in Fig. 4 
399
Simulations with 1 mM BAPTA produced a peak efficiency of 0.13 fusion events per channel 400 opening (Fig. 7D ) that was lower than the value observed in actual recordings. In addition, 401 simulations with BAPTA predicted a relatively slow release profile with peak efficiency attained 402 3.3 ms later than the peak predicted for 5 mM EGTA. By contrast, the time to peak efficiency in 403 actual recordings using 1 mM BAPTA or 5 mM EGTA did not differ significantly (unpaired t-404 test, P=0.47).
405
Simulations predicted peak release efficiency with EGTA higher than the measured 406 efficiency and peak efficiency with BAPTA lower than the measured efficiency. We examined 407 various elements of the model to see which might account for these differences. real recordings: the model predicted that release with 1 mM BAPTA was maintained at a nearly 441 steady rate throughout the depolarizing step ( Fig. 8E) whereas actual recordings showed an 442 initial phasic burst of release followed by only a small amount of tonic release (Fig. 6C ). by an additional 50 nm so that channels could be as far as 150 nm from release sites reduced 455 peak release efficiency to 2.2 fusion events per channel opening with 5 mM EGTA and 0.018 456 vesicles per channel opening with 1 mM BAPTA (Fig. 8L ). Increasing the size of the active zone 457 even further to 500 nm yielded a peak efficiency of 0.018 fusion events per channel opening with 458 both 5 mM EGTA and 1 mM BAPTA. The release profiles with BAPTA or an expanded active 459 zone were also much more sustained than that of actual recordings (Fig. 8K ).
460 5. Ca 2+ diffusion kinetics. As described above, substituting alternative parameters for the 461 empirically-determined values used in the model tended to worsen the agreement between actual 462 and predicted results. We therefore examined a key assumption of the model: that Ca 2+ diffuses 463 p. 22
freely away from open channels, so that Ca 2+ domains develop and collapse instantaneously with 464 the opening and closing of Ca 2+ channels (Simon and Llinas, 1985). However, our experiments 465 showed that introducing different exogenous diffusible buffers did not affect release (Fig. 6) ,
466
suggesting that there may be a diffusion barrier that restricts access of buffers to release sites.
467
Such a barrier could also slow the diffusion of Ca 2+ away from channels and thereby slow the 
